A major concern of society nowadays is the issue of sustainable development, which includes energy conservation. In order to induce a reduction of electrical energy consumption, governments across the world have pressured the appliance makers to increase in energy efficiency of electric engines. One of the ways to improve the performance of electric engines is to use steels with lower magnetic losses. The typical electrical steels are steels with about 3.5 wt.% Si. It is well known that an increase in Si content decreases magnetic losses. The purpose of this work was to evaluate the decrease of magnetic losses after increasing the Si and Al content in electrical steels by hot dipping, using an Al-Si alloy bath followed by a thermal treatment. A reduction of eddy current losses, for 60 Hz and 400 Hz, was observed in the steel after addition of Al and Si to about 4.5 wt.% Al and 4.8 wt.% Si.
Introduction
Steels used for electrical appliances, known as electrical steels, are of great importance for the industry. These are mainly used in electric engines and transformers, whose energy efficiency depend on magnetic permeability and on the "magnetic losses" associated the alternate current. Electrical steels have, in general, high silicon content for better electric properties. Silicon increases the electrical resistance, decreases the magnetic anisotropy constant and the magnetostriction of the material, and makes the saturation magnetization and the iron losses much lower at high frequencies. This work aims to reduce magnetic losses by increasing the silicon and aluminum content in two types of electrical steel sheets, one with 3.2 wt.% Si and the other with 0.6 wt.% Si. They were processed by hot dipping in an Al alloy bath with 25 wt.% Si followed by a heat treatment.
Materials and methods
Two low carbon steels were used: one with 3 wt.% Si approximately and another with about 0.6 wt.%. The first was received as cold rolled with a thickness of 0.5 mm (type "B") and the second as annealed with thickness of 0.6 mm. Table 1 shows the chemical composition of these materials. The materials as received were cut in 30 mm × 150 mm strips and cleaned in a 5% HF, 20% HCl, and 75% H 2 O (distilled water) solution for 15 min in order to remove the oxide and also a coating layer which was present in the annealed strips. After cleaning, the strips were dried with alcohol and with a thermal blower.
Hot dipping
The strips were dipped in a molten binary alloy with hypereutectic chemical composition of Al with 25 wt.% Si at 850 • C (nomenclature 1) and 900 • C (nomenclature 2) for 10-30 s.
Diffusion annealing
After dipping, the strips were submitted to a heat treatment for Si and Al diffusion in an argon atmosphere. The pressure 
2.3.
Intermediate cold rolling Some samples 0.5 mm thick, after the hot dipping process, were cold rolled up to 0.35 mm of thickness as shown in Fig. 1 . This cold rolling is performed in order to control the final thickness and homogenize the coating. These cold rolled samples T amb.
Argon controlled atmosphere -255mm.Hg 
Preparation of the samples for magnetic testing
Both as received and treated samples were subjected to magnetic testing. The samples were cut to the dimensions of 100 mm × 30 mm with thicknesses of 0.6 mm, 0.5 mm and 0.35 mm. Prior to testing, the samples were chemically etched to remove the oxide layer resulting from the final annealing, first with a solution of 5% HF, 20% HCl, and 75% H 2 O (distilled) for 10 min and then with a solution of 5% HF and 95% H 2 O 2 for 10 s.
Measurement of magnetic losses
For the measurement of magnetic losses, we used the "Brokhauss" equipment and the MPG X'Pert software for Windows version 1.9 from the ArcelorMittal Research Center in Brazil.
The measurements were performed in strips of 100 mm × 30 mm with thicknesses of 0.35 mm, 0.5 mm, and 0.6 mm. The magnetic field was applied in the rolling direction in a single strip frame device where the following magnetic losses were extracted: total magnetic losses (P10/60) and (P10/400) that corresponded to a magnetic field of 1000 A/m at 60 Hz and at 400 Hz, respectively.
3.
Results and discussion
Hot dipping process
Two samples after hot dipping, one with an immersion at 850 • C and the other at 900 • C, are shown in Fig. 4 . It can be seen that the samples had almost the same appearance, although they were treated at different temperatures. Table 2 presents the dipping time and temperature and the coating thickness of each treated sample. The coating thickness was obtained by subtracting the strip thickness before and after dipping and dividing the result by two. It can be seen that the temperature of 850 • C provided greater coating thickness.
The largest coating thickness obtained (45.3 m) was close to the limit reported by Barros et al. [4] which showed that the typical coating thickness by hot dipping in a bath of Al/Si is up to 50 m. It was observed that the dipping time had little effect on the coating thickness.
Regarding aluminum and silicon contents, the highest levels were obtained for 900 • C with the "B" samples. However, no relation was found between the coating thickness and the amount of Al and Si diffused into the strip. According to Barr o se ta l . [5] during hot dipping, the molten alloy produces a coating made up from different intermetallic compounds distributed in layers as a result of the interaction between Fe and the molten Al-Si alloy. The additions of Si and Al do not occur in proportion to the coating thickness because the formation of these intermetallic layers creates a concentration gradient that lowers the diffusion rate. Moreover, Barros et al. [6] observed that the interdiffusion of Fe-Si is highly dependent on the Si concentration, so it is necessary to take into account the dependence of the diffusion coefficient on Si concentration.
Diffusion of Al and Si in treated samples
Fig . 5 shows a plot of the quantity of Si and Al added in each sample through the diffusion treatment. This added content is the result of the difference between the Si and Al contents in the as received materials and after diffusion. The increase of Al and Si content through diffusion can be defined as a non-steady state. There was also interdiffusion of the atoms from the coating layer to the sheet and the atoms of the sheet to the layer. The graph of Fig. 5 shows that the addition of Al was higher than the addition of Si for all samples. This happens because the higher Al concentration gradient between the coating and the steel, in comparison to Si, resulted in a higher diffusion rate.
Regarding the Si addition, the result obtained was similar to that reported by Ros-Yanez et al. [7] who obtained a final silicon content up to 5 wt.% after the diffusion treatment, what is an equivalent total addition about 1.68 wt.%.
Relation between the resistivity and Si and Al contents
The graph of Fig. 6 shows the relation between the resistivity of the treated samples and the Si and Al contents. It is observed that a higher amount of silicon and aluminum in the samples provided in general higher resistivity values.
3.4.
Reduction of the magnetic losses with the increase of silicon and aluminum According to Bozorth [8] the electrical resistivity of iron, which is an intrinsic property of the material, increases with addition of Si and Al. In the graph of Fig. 6 , it can be seen that the increase of aluminum and silicon contents through the diffusion yielded a higher electrical resistivity which decreases magnetic losses. It occurs because the eddy current losses are inversely proportional to the electrical resistivity [8] . Fig. 7 presents two graphs that show the relation between the Si + Al content and eddy current losses at the frequencies of 60 Hz and 400 Hz in a magnetic field of 1 T.
It can be observed in Fig. 7 that the eddy current losses decreased with increasing of Si + Al content, for 60 Hz and 400 Hz, which can be related to an increase of the electrical resistivity. Fig. 8 shows relation between the Si + Al content and the total losses at 60 Hz and 400 Hz in a magnetic field of 1 T.
It can be seen in Fig. 8 that type C samples showed a decrease in total losses with the addition of silicon and aluminum for both frequencies. In the case of type B samples, only at 400 Hz the losses were smaller in the treated samples than in the samples as received.
Conclusions
The addition of 4.5 wt.% and 4.8 wt.% of Al and Si, respectively, to a standard electric steel through a hot dipping process, followed by diffusion annealing, reduced of eddy current losses at the frequencies of 60 Hz and 400 Hz. These additions also reduced of total losses in the low silicon content samples (type C) at the frequencies of 60 Hz and 400 Hz, but for the steel which initially had 3.2 wt.% Si (type B), a decrease in the total losses was observed only at the frequency of 400 Hz.
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